Fast-spiking interneurons (FSIs) can exert powerful control over striatal output, and deficits in this cell population have been observed in human patients with Tourette syndrome and rodent models of dystonia. However, a direct experimental test of striatal FSI involvement in motor control has never been performed. We applied a novel pharmacological approach to examine the behavioral consequences of selective FSI suppression in mouse striatum. IEM-1460, an inhibitor of GluA2-lacking AMPARs, selectively blocked synaptic excitation of FSIs but not striatal projection neurons. Infusion of IEM-1460 into the sensorimotor striatum reduced the firing rate of FSIs but not other cell populations, and elicited robust dystonia-like impairments. These results provide direct evidence that hypofunction of striatal FSIs can produce movement abnormalities, and suggest that they may represent a novel therapeutic target for the treatment of hyperkinetic movement disorders.
Introduction
Dystonia, tics, and chorea are symptoms of hyperkinetic movement disorders that are thought to involve impaired GABAergic function, most notably within striatum (Levy and Hallett, 2002; Kalanithi et al., 2005; Kumar et al., 2010) . In experimental animals, interfering with striatal GABAergic networks via local infusion of GABA A antagonists elicits tic-like movements and other dyskinesias Worbe et al., 2009 ). However, determining how such behavioral effects arise is a challenge, as information processing within striatal microcircuits involves multiple distinct forms of GABAergic signaling that are difficult to disentangle. First, medium spiny projection neurons (MSNs) communicate with each other using synapses predominantly onto distal dendrites (Wilson, 2007) . These connections are typically nonreciprocal and individually weak (Gustafson et al., 2006; Taverna et al., 2008) , but in aggregate may underlie essential competitive dynamics between striatal cell assemblies (Humphries et al., 2009; Ponzi and Wickens, 2010) . Second, fastspiking interneurons (FSIs) can strongly influence MSN spike timing (Koos and Tepper, 1999; Gittis et al., 2010) via perisomatic synapses (Bennett and Bolam, 1994) . Further sources of GABAergic signaling in the striatum include persistent lowthreshold spiking (PLTS) interneurons and external GABAergic input from the globus pallidus (Bevan et al., 1998) . There is evidence that the FSI-mediated component of striatal GABA signaling is central to at least some hyperkinetic phenomena-reduced numbers of FSIs have been seen in human Tourette syndrome (Kalanithi et al., 2005) and animal models of dystonia (Gernert et al., 2000) . Yet this hypothesis has never been subject to direct experimental test.
MSNs account for ϳ95% of neurons in the striatum, with the other major cell types consisting of FSIs, PLTS GABAergic interneurons, and cholinergic interneurons. PLTS and cholinergic interneurons are spontaneously active due to intrinsic pacemaking currents. By contrast, FSIs and MSNs require synaptic input to reach spike threshold, so blocking glutamate receptors suppresses spiking. Here, we present a novel pharmacological approach to rapidly and selectively reduce FSI firing rates in the awake striatum, taking advantage of the fact that FSIs, but not MSNs, express GluA2-lacking AMPARs. We show that reducing FSI-mediated GABAergic signaling within striatum is sufficient to induce abnormal involuntary movements that resemble human dystonia.
Materials and Methods
Slice electrophysiological recordings. Coronal sections (300 m thick) containing dorsolateral striatum were prepared from brains of 3-to 5-weekold male and female Lhx6-EGFP mice on an FVB genetic background. Sections were prepared on a Leica VT1000S vibratome in an ice-cold sucrose cutting solution containing the following (in mM): 79 NaCl, 23 NaHCO 3 , 68 sucrose, 12 glucose, 2.3 KCl, 1.1 NaH 2 PO 4 , 6 MgCl 2 , and 0.5 CaCl 2 . Sections were bisected to generate left and right hemisphere slices and transferred to a chamber filled with warmed carbogenated ACSF containing the following (in mM): 125 NaCl, 26 NaHCO 3 , 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , and 12.5 glucose.
All recordings were performed at 31-33°C in ACSF (see above) in the presence of 50 M picrotoxin to block GABA A -mediated currents. For experiments where rectification of AMPAR-mediated EPSCs was measured, 50 M APV was also included in the external medium. To isolate NMDAR-mediated EPSCs in MSNs (Fig. 1C ), neurons were voltage clamped at ϩ40 mV and 5 M NBQX was included in the bath to block AMPAR-mediated currents. In most experiments, EPSCs were evoked using a glass stimulating electrode positioned in the striatum within 100 -200 M of the recorded neuron. The tissue was stimulated with 0.2 ms electrical pulses every 20 s (2-6 A for FSIs and MSNs and 10 -20 A for PLTS). Because stronger stimuli were required to elicit EPSCs onto cholinergic interneurons, a concentric bipolar stimulating electrode was used for these experiments. The stimulating electrode was positioned within the striatum Ͼ500 m away from the recorded neuron. The tissue was stimulated with 0.2 ms electrical pulses every 20 s (10 -20 mA).
Internal solution contained the following (in mM): 120 CsMeSO 3 , 15 CsCl, 8 NaCl, 0.5 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 5 QX-314, pH 7.3. For experiments measuring NMDA currents in MSNs, we added 10 mM BAPTA; and for experiments measuring rectification, we added both 10 mM BAPTA and 0.1 mM spermine.
Data were collected with a MultiClamp 700B amplifier (Molecular Devices) and ITC-18 A/D board (HEKA) using Igor Pro software (Wavemetrics) and custom acquisition routines (mafPC, courtesy of M. A. Xu-Friedman, University of Buffalo, Buffalo, NY). Recordings were filtered at 2 kHz and digitized at 10 kHz. Electrodes were made from borosilicate glass (pipette resistance, 2-4 M⍀). During recordings, R series was monitored and recordings were terminated if R series changed by Ͼ30%.
FSIs and PLTS interneurons were identified using GFP fluorescence and distinguished using R in and I hold in whole-cell recordings, as previously established (Gittis et al., 2010) . Cholinergic interneurons were identified by their large somata and lack of GFP fluorescence in the Lhx6-EGFP line.
In vivo electrophysiological recordings. Both male and female mice were used for in vivo experiments. Two mice were implanted with 64-channel silicon probes (8 ϫ 8 grid, 200 m spacing; NeuroNexus Technologies) with the long axis of the probe aligned at 25°from the anterior-posterior direction so that all contacts were in left dorsal/lateral striatum. Infusion cannulae (Plastics One) had their tips near the center of the probe grids (tip: AP ϩ0.4 mm, ML Ϯ2.2 mm, DV 2.5 mm). Following recovery from surgery, wideband data (1-9000 Hz) were recorded continuously from all sites at 31,250 Hz, as described previously . Signals were referenced to a skull screw over the midline cerebellum. During each session, a 15 min baseline recording was followed by infusion of ACSF (0.25 l/min for 2 min, with the cannula left in place for 2 min postinfusion). After 30 min, 1 mM IEM-1460 dissolved in ACSF was infused using the same parameters. The recording continued for at least 90 min.
To extract single unit activity, the wideband signals were waveletfiltered offline using custom Matlab scripts (Wiltschko et al., 2008) and spikes were clustered in Offline Sorter (Plexon). The resulting spike timestamps were used to extract mean wideband waveforms for each unit. To classify units as FSIs or MSNs (Berke et al., 2004; Gage et al., 2010) , the full width at half-maximum (FWHM) and peak-to-valley (P-V) times were used (FSI: FWHM, 50 -150 ms; P-V, 50 -455 ms; MSN: FWHM, 150 -450 ms, P-V, 560 -1500 ms; Fig. 2 B) . None of the cells classified as MSNs or FSIs had the regular tonic firing characteristic of cholinergic interneurons. Any units that did not meet these waveform criteria were labeled as "unclassified." Inverted units (units with a more prominent positive than negative waveform) were automatically labeled as unclassified, as the FWHM and P-V times have no clear meaning for these units.
Behavioral experiments. Three groups of mice were implanted with infusion cannulae. For each group, half of the implants were in the right hemisphere. For the first group (Group 1, n ϭ 6; Fig. 3 , black circles), the target was dorsolateral striatum (AP ϩ0.4 mm, ML Ϯ2.4 mm, DV 2.8 mm relative to bregma). After 2 d for recovery, the mice were infused daily with one of three concentrations (0.25 mM, 1 mM, or 2.5 mM) of IEM-1460 dissolved in ACSF or with ACSF alone. Doses were delivered in a counterbalanced order over four successive days.
The second group (Group 2, n ϭ 4; Fig. 3 , gray circles) was implanted with cannulae targeted to the same coordinates, but received combined infusions of mecamylamine (a nicotinic receptor antagonist) and scopolamine (a nonspecific muscarinic antagonist). Two doses were used: 5 mg of mecamylamine with 10 mg of scopolamine, and 10 mg of mecamyl- amine with 20 mg of scopolamine. These values were chosen to be on the high end of doses previously found to cause learning impairments in rats and mice (Schildein et al., 2002; Klinkenberg and Blokland, 2010) .
The third group (Group 3, n ϭ 4; Fig. 3 , open circles) was implanted with cannulae in dorsomedial striatum (AP ϩ0.4 mm, ML Ϯ1.25 mm, DV 2.4 mm relative to bregma), and received infusions of ACSF and 2.5 mM IEM-1460 in counterbalanced order.
All drug infusions were performed at a rate of 0.25 l/min for 2 min. The infusion cannula was left in place for a further 2 min to allow drug diffusion, followed by 90 min of video recording. A clinical neurologist (D.K.L.) blind to the treatments scored 60 s segments every 5 min for the first 30 min after the infusion, and for every 10 min thereafter. Two previously described semiquantitative rating scales (Shirley et al., 2008) were used: a dyskinesia score that characterized the range of movement types and body parts involved, and an impairment score that characterized the severity of the movements. Briefly, 1 indicated minor motor impairment, 2 indicated moderate abnormalities with at most infrequent falls, 3 indicated significant impairment with frequent falls and severely impaired locomotion, and 4 indicated severe impairment with almost no ambulation (Shirley et al., 2008) . The sole difference to the previously reported rating scales is that we also noted laterality for each relevant movement type (for example, neck twisting could be scored as ipsilateral or contralateral to the infusion, but neck flexion could not).
Data analysis and statistics. The area under each dyskinesia (or impairment) score versus time curve was calculated for each behavioral session. The areas under the curve (AUCs) in Group 1 at each dose were compared using ANOVA with post hoc Bonferroni corrections for pairwise comparisons. AUCs for Group 2 were analyzed in the same manner. AUCs at the 2.5 mM IEM dose for dorsomedial and dorsolateral striatum (Groups 1 and 3) were compared with a twosample t test. All tests were considered significant at p Ͻ 0.05.
Single-unit firing rates were calculated for the period beginning 10 min after each infusion to 5 min before the next infusion (the baseline period began with the beginning of the recording; the IEM-1460 period ended with the end of the recording). The overall firing rate of each cell was computed as the number of spikes recorded in an epoch divided by the epoch duration. Firing rates of distinct cell populations in the baseline, ACSF, and IEM-1460 epochs were compared using Friedman's test with post hoc pairwise comparisons (SPSS 18.0). To determine whether an individual unit changed its firing rate with each intervention, firing rates were computed in 1 s nonoverlapping windows during the ACSF and IEM-1460 epochs, creating a distribution of firing rates for each epoch. These rates were compared using paired t tests, with p Ͻ 0.01 considered to indicate a significant change in firing rate.
Results
As in many brain regions (McBain and Fisahn, 2001) , glutamate receptors on striatal FSIs lack GluA2 subunits, as indicated by immunostaining (Bernard et al., 1997; Deng et al., 2007) and prominent inward rectification (Fig. 1 A) . In contrast, both physiological ( Fig. 1 A, B) and anatomical (Bernard et al., 1997; Deng et al., 2007) data suggest that MSN AMPARs contain GluA2 subunits. This difference in glutamate receptor composition enables the selective blockade of AMPARmediated EPSCs in FSIs (Ϫ73 Ϯ 2%, n ϭ 6) using dicationic adamantane derivatives such as IEM-1460 (Magazanik et al., 1997; Buldakova et al., 2007) (Fig. 1 B, D) . IEM-1460 did not block MSN AMPARs (Ϫ8 Ϯ 13%, n ϭ 6; Fig. 1 B, D) , MSN NMDARs (Ϫ1 Ϯ 9%, n ϭ 4; Fig. 1C ), or PLTS AMPARs (Ϫ7 Ϯ 23%, n ϭ 4; Fig. 1 D) . Even in the presence of 0.5 mM IEM-1460, EPSCs onto MSNs were not strongly affected (Ϫ12 Ϯ 3%, n ϭ 3). IEM-1460 also significantly reduced AMPARmediated currents in cholinergic interneurons (Ϫ45 Ϯ 9%, n ϭ 4; Fig. 1 D) , consistent with prior observations (Samoilova et al., 1999) . However, the spontaneous firing rates of cholinergic cells were not affected (from 1.5 Ϯ 0.7 Hz before IEM-1460 application to 1.7 Ϯ 1.0 Hz after 20 min, n ϭ 5; Fig. 1 E) .
To examine the effect of IEM-1460 on striatal neurons in vivo, we recorded from dorsolateral (sensorimotor) striatum in awake, unrestrained mice during local infusions of ACSF (control) or IEM-1460 (1 mM) (Fig. 1 A) . Presumed MSNs and FSIs were readily classified (Fig. 2 B) using criteria previously established in rats (Berke, 2008; Gage et al., 2010; Wiltschko et al., 2010) . IEM-1460 consistently reduced the activity of all FSIs (12/12 cells; average rate of decrease: from 19.9 to 8.0 Hz, p ϭ 0.007; Fig.  2C-E) . In contrast, MSNs showed no consistent response to IEM (Fig. 2C-E) and no significant change in average firing rate (from 1.2 to 1.8 Hz, p ϭ 0.33).
Next, we analyzed the behavioral effects of intrastriatal IEM-1460 over a range of doses. Mice receiving 1 mM IEM-1460 into dorsolateral striatum appeared relatively normal at rest. How- MSNs increased their firing rates; 38% (9/24) decreased their firing rates; 8% (2/24) showed no change; 100% of FSIs (12/12) decreased their firing rates; 33% (5/15) of unclassified neurons increased their firing rates, 60% (9/15) decreased their firing rates, 7% (1/15) showed no change]. E, Average firing rates for the population of FSIs (n ϭ 12) and MSNs (n ϭ 24), after ACSF or IEM-1460 infusion. Note distinct y-axis scales for FSIs and MSNs. ACSF infusion did not significantly affect the firing rates of either population, whereas IEM-1460 significantly decreased the firing rates of FSIs, but not MSNs. *p Ͻ 0.01 compared to both baseline and ACSF. Error bars show SEM.
ever, as they initiated activity, the mice developed prolonged, twisted postures resembling dystonia, together with jerky, repetitive movements (Fig. 3A) . These abnormal movements were directed contralaterally and predominantly involved the head and neck (Fig. 3B) . At the highest dose of IEM-1460 (2.5 mM), motor impairments became more continuous, widespread, and severe (Fig. 3C,D) . In a separate group of mice, we infused this highest dose of IEM-1460 into dorsomedial striatum-a subregion that has few FSIs (Berke et al., 2004) -and observed only mild dyskinesia (Fig. 3E-G) .
Although IEM-1460 also reduces excitatory synaptic input onto cholinergic interneurons (Fig. 1 D) , it is unlikely that the dyskinetic effects of IEM-1460 arise from a reduction in cholinergic signaling, as anticholinergics are used clinically to treat dystonia (Greene et al., 1988; Balash and Giladi, 2004) , and many prior studies have found no acute behavioral impairment from intrastriatal cholinergic antagonism, ablation, or inactivation (Meana et al., 1992; Zhou et al., 1993; Witten et al., 2010) . Nonetheless, to rule out this possibility, we infused a combination of the broad spectrum muscarinic antagonist scopolamine (10 or 20 g) and the nicotinic antagonist mecamylamine (5 or 10 g) into the dorsolateral striatum. This combination did not produce substantial dyskinesias, even at doses much higher than are sufficient to produce learning impairments with intrastriatal infusion (M/S group; Fig. 3G ) (Schildein et al., 2002; Klinkenberg and Blokland, 2010) . Infusion of 2.5 mM IEM-1460 through these same cannulae did produce significant motor impairment, as before (Fig.  3G) . Together, these data strongly support the hypothesis that FSI inhibition is sufficient to produce hyperkinetic motor symptoms.
Discussion
Although FSIs comprise only ϳ1% of striatal neurons, our results demonstrate that they are critical to the normal function of the striatum. We have shown that selective suppression of the FSImediated portion of striatal GABA transmission can produce a set of hyperkinetic motor impairments that resemble human dystonia. This observation has important implications for understanding the pathophysiology of movement disorders, as well as normal striatal physiology.
The modulation of circuit function with a pharmacological agent such as IEM-1460 has several advantages over viral and/or optogenetic strategies. First, transgenic mice are not required to achieve cell-type specificity, which enables IEM-1460 to be applied in unmodified animals of various species, including rats and primates. Second, IEM-1460 acts at every FSI in the injected region, whereas viral transduction rarely achieves 100% efficiency. Finally, IEM-1460 can achieve a sustained inhibition of FSIs without the need for prolonged light exposure, eliminating concerns about tissue heating.
Hyperkinetic movement disorders can be categorized as chorea, dystonia, myoclonus, or tics, with significant overlap between these phenotypes. Phenomenologically, striatal FSI suppression primarily led to dystonic postures. These results indicate that striatal FSI dysfunction may underlie some forms of human dystonia, with the caveat that specific physiologic deficits may not lead to identical motor manifestations in mice and humans. Given that striatal FSIs also show reduced firing rates following systemic injections of D2 antagonists , these cells are now good candidates for involvement in primary dystonias, acute dystonic reactions to neuroleptics, and the off-period dystonia commonly observed in Parkinson disease.
Striatal FSIs innervate both direct-and indirect-pathway MSNs (Gittis et al., 2010; Planert et al., 2010) and are thought to provide powerful feedforward inhibition that shapes the firing patterns of MSNs (Koos et al., 2004; Mallet et al., 2005 Mallet et al., , 2006 . Our results confirm that FSIs are critical nodes in striatal function. Even though we did not observe substantial changes in the average firing rate of the nearby MSN population following FSI suppression, MSNs form the sole output of the striatum to downstream basal ganglia nuclei. Thus, changes in MSN activitywhich MSNs are active and when--must ultimately be involved in the resulting abnormal behaviors. Our results are consistent with emerging findings that FSIs do not simply inhibit MSNs, but rather play a more subtle role in the organization of, and compe- tition between striatal projection cell assemblies (Berke, 2009; Humphries et al., 2009; Gage et al., 2010) . Further defining how FSIs coordinate MSN activity patterns to shape striatal output will be an important goal for future large-scale recording studies (Carrillo-Reid et al., 2008) , and selective drugs such as IEM-1460 are likely to be very useful tools for achieving this goal.
Notes
Supplemental material for this article is available at http://www.berkelab. org/Techniques.html. Video of a mouse after unilateral intrastriatal infusion of IEM-1460 showing dyskinesia and dystonia. This material has not been peer reviewed.
